Introduction
Anxiety disorders are among the most prevalent psychiatric disorders (Offord et al., 1996; Kessler et al., 2005; Alonso et al., 2007) . Although a number of brain sites are associated with the generation of anxiety, the basolateral amygdala (BLA) is an important mediator of emotional responses (LeDoux, 1992; Davis et al., 1994) . The amygdala is critical for assessing the significance and risk of novel situations or objects, with greater perceived risk enhancing the fear response (Amaral, 2002; Sajdyk et al., 2004; Herry et al., 2007; Ghods-Sharifi et al., 2009) . Increased amygdala output is associated with fear responses and emotionality, and inappropriately elevated BLA output is associated with an array of anxiety-related disorders (Lorberbaum et al., 2004; Shin et al., 2006; Truitt et al., 2007) . Recent efforts toward novel treatments for anxiety disorders have focused on neuropeptides with neuropeptide Y (NPY) being of particular interest as an anxiolytic compound.
BLA activity is governed in part by a balance between excitatory and inhibitory tone with corticotrophin-releasing factor (CRF) and NPY, respectively, playing important roles in governing the activity of this nucleus (Heilig et al., 1994) . NPY and CRF have been implicated in modulating the short-term activity of this nucleus as well as inducing longer-term changes in neural activity and behavior (Rainnie et al., 2004; Sajdyk et al., 2008) . Administration of NPY into the BLA is anxiolytic and reduces the expression of conditioned fear responses (Broqua et al., 1995; Gutman et al., 2008) primarily via Y 1 receptors (Heilig and Widerlöv, 1995; Sajdyk et al., 1999) . In contrast to NPY, CRF administration produces anxiogenic-like behavior via CRF R 1 receptors, in the BLA (Rainnie et al., 2004; Sajdyk et al., 2004 Sajdyk et al., , 2006 . These anxiogenic effects of CRF are prevented by pretreatment with NPY , further underscoring the importance of NPY as a stress buffering system (Heilig et al., 1994) .
Cellular responses to NPY have been studied in many other brain regions, including the hippocampus (Colmers and Bleakman, 1994; Pentney et al., 2002) , hypothalamus (Cowley et al., 1999; Fu et al., 2004; Melnick et al., 2007) , and lateral amygdala . Postsynaptic effects of NPY include activation of inwardly rectifying K ϩ (G IRK ) channels (Sun and Miller, 1999; Sosulina et al., 2008; Chee et al., 2010) causing an inhibition mediated primarily by the Y 1 receptor subtype (Zhang et al., 1994; Fu et al., 2004) (but see Ghamari-Langroudi et al., 2005) .
In this series of studies, we investigated the mechanism(s) through which NPY mediates anxiolysis by examining its effects on the electrophysiology of pyramidal output neurons in the BLA. In brief, we observed that NPY inhibited pyramidal neurons by suppressing a hyperpolarization-activated, depolarizing current (I h ) that is active at their resting membrane potential. Conversely, CRF enhanced I h in the same pyramidal neurons in which NPY suppressed I h . Our findings are consistent with the notion that the fear-related output of the BLA is acutely regulated by the relative states of activation of NPY and CRF receptors converging on I h in BLA pyramidal cells.
Materials and Methods
Animals. Male Sprague Dawley rats aged 21-56 d were used for the experiments. The care and use of animals was in accordance with the protocols set by the University of Alberta Animal Care and Use Committee: Health Sciences. Animals were housed in groups of two to four rats, and food and water were supplied ad libitum.
Brain slice preparation. Rats were decapitated and their brains rapidly submerged in cold (Ͻ4°C) artificial CSF (ACSF) that was bubbled with carbogen (95% O 2 , 5% CO 2 ) and contained the following (in mM): 118 NaCl, 3 KCl, 1.3 MgSO 4 , 1.4 NaH 2 PO 4 , 5.0 MgCl 2 ⅐6H 2 O, 10 glucose, 26 NaHCO 3 , and 1.5 CaCl 2 . Kynurenic acid (1 mM) was also added to the slicing solution to prevent excitatory damage caused by ionotropic glutamate receptor activation. Coronal brain slices 300 m thick containing the BLA were prepared using a vibrating slicer (Slicer HR2; Sigmann Elektronik). The brain slices were placed into warm (34 Ϯ 0.5°C) bubbled slicing solution for ϳ20 -30 min and then were transferred to a room temperature (22°C), carbogenated ACSF solution containing the following (in mM): 124 NaCl, 3 KCl, 1.3 MgSO 4 , 1.4 NaH 2 PO 4 , 10 glucose, 26 NaHCO 3 , and 2.5 CaCl 2 . This solution was used as the basis for all remaining experiments. Slices were acclimatized to room temperature for an additional 30 min before being placed into the recording chamber. Slices were held submerged by a platinum and polyester fiber "harp" in a recording chamber that is attached to a fixed stage and viewed with a movable upright microscope (Axioskop FS2; Carl Zeiss). The slices were continuously perfused with warmed (34 Ϯ 0.5°C), carbogenated ACSF at a rate of ϳ2 ml/min for ϳ20 min before initiating recordings.
Electrophysiology. Pipettes were pulled from thin-walled borosilicate glass (TW150F; World Precision Instruments) with a two-stage puller (PP-83; Narishige). Tip resistance was 5 M⍀ when pipettes were backfilled with an internal solution containing the following (in mM): 5 HEPES, 2 KCl, 136 K ϩ -gluconate, 5 EGTA, 5 Mg⅐ATP, 8 creatine phosphate, and 0.35 GTP. The pH was adjusted to 7.27 with KOH, and the osmolarity adjusted with distilled water or concentrated K ϩ -gluconate if needed to between 295 and 298 mOsm with an osmometer (3-MO; Advanced Instruments). All recordings were made using either an AxoClamp 2A or a Multiclamp amplifier, and data were acquired using pCLAMP 9.2 via a Digidata 1322 interface (all Molecular Devices). After a recording was completed, we corrected the nominal membrane potential in voltage-and current-clamp recordings for the calculated 15 mV liquid junction potential (Chee et al., 2010) . All potential values reported reflect this correction.
The BLA was identified based on the Paxinos and Watson (1986) atlas. Pyramidal neurons within the BLA were identified visually using infrared-differential interference contrast optics. Neurons were selected based on a pyramidal morphology and the presence of large primary dendrite. Gigaohm seals were initially established in current clamp; once a seal was formed, the patch was ruptured with the cell held near the resting potential in the voltage-clamp mode. Once whole-cell recording had been established, neurons were routinely held in voltage clamp at Ϫ75 mV except when examining changes in the resting membrane potential and rheobase, which were performed in current clamp. Cells were only studied if they exhibited a stable holding current and access resistance for at least 10 min before experimental manipulations. Not all neurons within the BLA were sensitive to NPY; therefore, only neurons that responded reversibly to an initial application of NPY were used for additional experiments. Concentration-response studies with NPY were conducted beginning with 30 nM and progressively increasing to 3 M. Recordings of neuronal properties were made immediately before drug application (control), during drug perfusion (lasting ϳ3-4 min), and at 2, 5, 10, and 20 min during the washout period. In some cells, the washout was prolonged and recordings were taken until 30 min after washout began. A similar sequence of recordings, including an assessment of access resistance, was acquired for each cell and condition. Changes in the resting membrane potential were assessed by comparison of 120-s-long current-clamp recordings made under each condition (AxoScope 9.2; Molecular Devices). Relatively brief (2-3 min) periods interrupted the recording of membrane potential during which the cell was held in voltage clamp and various experiments were performed.
Rheobase measurements. In experiments to determine changes in rheobase, neurons were held in current clamp, and families of up to eight depolarizing current ramps were swept from 0 pA initially to 100 pA; the peak current was incremented by 120 pA per successive sweep, with the eighth sweep thus ending at a maximum value of 840 pA. During the peak effects of NPY, this protocol was initially applied from the new, hyperpolarized resting membrane potential. Once this was completed, steadystate depolarizing current was applied to return the membrane to the pre-NPY resting potential and the same current ramp protocol repeated under these conditions. The minimum current necessary to elicit the first action potential during a ramp was designated as the rheobase current of the cell for the condition studied.
Cells were held near rest at Ϫ75 mV in voltage-clamp experiments. To assess changes in the steady-state membrane current-voltage ( I-V) relationship, we applied a slow (18 mV/s), positive-going, voltage ramp protocol, starting from Ϫ135 mV (after initially holding the cell at Ϫ135 mV for 2 s), then sweeping to Ϫ55 mV before returning to the holding potential. With the exception of Figure 2 A, values for mean current (in picoamperes) were taken every 10 mV from the voltage ramp between Ϫ135 and Ϫ55 mV for each experimental condition. Similar calculations were used throughout for all voltage ramp comparisons. Changes in net current caused by experimental treatment were determined by subtracting the membrane current response during the maximal drug effect from control.
To study I h , a family of hyperpolarizing voltage steps was applied from a holding potential of Ϫ55 mV (Ϫ65 to Ϫ125 mV in 10 mV increments; the initial step lasted 1650 ms, and each subsequent step was successively shortened by a 100 ms increment to prevent damage to the membrane). The magnitude of I h at a given potential step was determined as the difference between the initial peak positive current amplitude and the final, steady-state current for each step. In a series of experiments, the Na ϩ -current blocker, tetrodotoxin (TTX) (0.5 M) was included in the perfusate to suppress the possible activity-dependent release of other chemical messengers. Drugs were then tested in the presence of TTX after pretreatment with the TTX-containing perfusate alone.
Dual-label immunohistochemistry. For the immunohistochemical studies, adult male (250 -350 g) Sprague Dawley rats (Charles River Laboratories) were housed three to a conventional cage, with ad libitum access to standard laboratory chow and water, located in a temperature (20 -22°C)-, humidity (50 -55%)-, and illumination (14:10 h light/dark cycle)-controlled, Association for Assessment and Accreditation of Laboratory Animal Care-approved facility. Five days of acclimatization to our facilities were allowed before the animals were included in any experimental procedure. All procedures were approved by the Rosalind Franklin University Institutional Animal Care and Use Committee. Animals were deeply anesthetized with sodium pentobarbital (Sigma-Aldrich; 100 mg/kg, i.p.) and transcardially perfused with 30 ml of PBS (10 mM Na 2 HPO 4 , 150 mM NaCl, pH 7.5) containing 0.1% procaine and 100 U/ml heparin at 37°C followed by 60 ml of fixative solution consisting of 4% paraformaldehyde (PFA) in PBS at 4°C. Brains were rapidly dissected out, postfixed for 6 h in 4% PFA solution, followed by an hour-long PBS wash at ϩ4°C. Coronal brain sections were cut in a bath of ice-cold PBS at 40 m thickness using a vibratome (Vibratome 1000; Ted Pella).
To determine the association of the hyperpolarization-activated, cyclic nucleotide-gated (HCN) subunits with BLA pyramidal cells, we performed double-label immunocytochemistry for CaMKII (a specific marker for BLA projection neurons; mouse monoclonal, clone 6G9; Millipore) (McDonald et al., 2002; Rostkowski et al., 2009) and HCN subunit (1, 2, 3, or 4; NeuroMab) immunoreactivity. On Western blot, the HCN1-4 antibodies detect proteins of the appropriate molecular weight form for each subunit from rat brain and transfected cell lines; no signal for HCN1 was present in tissue from the HCN1 knock-out animal (NeuroMab). Briefly, free-floating sections were rinsed through three changes of PBS over 10 min, followed by a 15 min wash in 1% H 2 O 2 in PBS to diminish endogenous peroxidase activity. Next, tissues were blocked for 3 h in immunocytochemistry (ICC) buffer (0.1 M PBS containing 0.2% gelatin, 0.01% thimerosal, and 0.002% neomycin, pH 7.5) with 5% normal donkey serum (NDS) (Equitech-Bio) to block nonspecific binding. Sections were then incubated at ϩ4°C for 72 h with primary HCN subunit antibody diluted 1:2000 in ICC with 2% NDS. After incubation with primary antibody, sections were washed through five changes of ICC buffer over 50 min and then incubated with biotinylated, affinitypurified donkey anti-rabbit IgG (Jackson ImmunoResearch Laboratories; 1:2000) for 1 h at room temperature. After ICC buffer rinses, sections were incubated in Vectastain Elite ABC (Vector Laboratories; 2 l/ml) for 30 min. Next, sections were rinsed with PBS and incubated in biotinylated tyramide solution (3 g/ml biotinylated tyramide and 0.01% H 2 O 2 in PBS) for 10 min. Tissues were then rinsed in ICC buffer and immersed in ICC buffer containing Cy3-conjugated streptavidin (Cy3-SA; Jackson ImmunoResearch Laboratories; 1:250) for 3 h. After washes in four changes of Tris-buffered saline (TBS) (100 mM Tris base, 150 mM NaCl, pH 7.5) over 20 min, sections were then incubated with CaMKII antibody (1:6000; overnight at ϩ4°C in ICC buffer with 2% NDS). Sections were subsequently washed through five changes of ICC buffer over 50 min followed by a 3 h incubation in ICC buffer containing FITC donkey anti-mouse secondary antibody (Jackson ImmunoResearch Laboratories; 1:250) for visualization of CaMKII. After washes in four changes of TBS over 20 min, sections were mounted onto Superfrost Plus slides (Thermo Fisher Scientific), and coverslips were rapidly applied with PVA-DABCO antifade mounting medium.
Confocal microscopy. Tissues were labeled with multiple fluorescent markers for experiments that required analysis of colocalized immunostained cells. Selected sections of the BLA throughout the rostral-caudal extent of the nucleus [bregma Ϫ1.8 to Ϫ4.16 mm (Paxinos and Watson, 1986) ] were imaged at 60ϫ magnification using an Olympus Fluoview 300 confocal microscope (Olympus; Microscopy Imaging Facility, Rosalind Franklin University) equipped with a motorized x-y-z stage control. The BLA was defined as including the following: posterior subdivision of the basolateral amygdalar nucleus (BLp) and anterior subdivision of the basolateral amygdalar nucleus (BLa); aspects of the lateral amygdala were not included in this analysis. The following excitation wavelengths were used: 488 nm for the secondary fluorophore FITC and 568 nm for Cy3. Colocalization was determined by overlapping signals observed at several focal planes throughout each cell. Omission of either the CaMKII or specific HCN1-4 subunit antibody produced no signal in the appropriate channel, indicating that there was no cross-reactivity of secondary antibodies.
Brightness and contrast of the photomicrographs presented here were adjusted using Adobe Photoshop 6.0 to ensure the highest quality images for publication.
Determination of HCN channel expression in the BLA using reverse transcriptase-PCR. Adult male Sprague Dawley rats were housed as indicated above for the immunohistochemistry. Rats were anesthetized with 4% isoflurane and killed by decapitation. The BLA was rapidly dissected from 400-m-thick coronal brain sections under a dissecting microscope. The tissue was immediately placed in RNase-free microcentrifuge tubes on dry ice. The tissue was stored at Ϫ80°C until isolation of RNA using Trizol reagent. The amount and integrity of the RNA was determined using spectrophotometic readings at 260 and 280 nm and assessment on agarose gel (1%) electrophoresis. The RNA was treated with DNase I to remove any residual DNA contamination and the resultant RNA (1 g) was subjected to reverse transcriptase (RT)-PCR (SuperScript III One-Step RT-PCR System; Invitrogen) using primers specific for the HCN1 (forward, 5Ј-CTCTCTTTGCTAACGCGGAT-3Ј; reverse, 5Ј-TTGAAATTGTCCACCGAA-3Ј; accession number, NM_053375), HCN2 (forward, 5Ј-GTGGAGCGAACTCTATTCGT-3Ј; reverse, 5Ј-GTTCACAATCTCCTCACGCA-3Ј; accession number, NM_053684), HCN3 (forward, 5Ј-GCAGCATTTGGTACAACACG-3Ј; reverse, 5Ј-AGCGTCTAGCAGATCGAGC-3Ј; accession number, NM_053685), and HCN4 (forward, 5Ј-GCAGCGCATCCACGACTAC-3Ј; reverse, 5Ј-CGTCACAAAGTTGGGGTCTGC-3Ј; accession number, NM_021658) subunit mRNA. Appropriate controls (no RNA and no RT) were run to assess specificity. The RT-PCR was run according to manufacturer's guidelines (PCR: 94°C 2 min denaturing; 55-57°C annealing; 68°C 1 min elongation) with modifications of annealing temperatures (HCN1 and 4: 55°C, 40 cycles; HCN2 and 3: 57°C, 34 cycles) to yield optimal signal. This end-point PCR analysis determined the presence of HCN subunit mRNA within the BLA and was not designed to quantitate the amount of mRNA within the tissue. Aliquots of the resultant PCR products were separated using gel electrophoresis; the size of the products was determined using a 100 bp DNA ladder. Images of the gel were obtained using a Kodak Gel Imaging system and the scans were imported into Adobe Photoshop for optimization of contrast and brightness.
Materials. Human NPY was purchased from Dr. S. St. Pierre (Peptidec Technologies). Kynurenic acid was acquired from either Sigma-Aldrich or Ascent Scientific. KOH was bought from BDH Chemicals. Creatine phosphate and GTP were purchased from Roche Diagnostics. BaCl 2 , CsCl, K ϩ -gluconate, EGTA, and Mg⅐ATP were obtained from Sigma-Aldrich. TTX was bought from Alomone Labs. CRF, bicuculline, (R)-(ϩ)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine hydrochloride (SCH23390), 4-ethylphenylamíno-1,2-dimethyl-6-methylaminopyrimidinium chloride (ZD7288), and dibutyryl-cAMP (db-cAMP) were purchased from Tocris Bioscience. The Y 1 agonist F 
-(diphenylacetyl)-argininamide trifluoroacetate (BIBO3304) were gifts from Dr. H. Doods (Boehringer Ingelheim, Biberach, Germany). The Y 5 antagonist trans-naphthalene-2-sulfonic acid 4-((4-(2-dimethylaminopropyl amino)quinazolin-2-ylamino)methyl)cyclohexylmethyl)amide (Novartis 2) was a gift from Dr. P. Hipskind (Lilly Research Laboratories, Indianapolis, IN). All other chemicals were obtained from either Thermo Fisher Scientific or EMD Chemicals. All test compounds were stored as concentrated stock solutions at Ϫ20°C and diluted in ACSF immediately before bath application, except BIIE0246, which was dissolved in ethanol as a 1 mM solution and then diluted in ACSF before use.
Data analysis. Recordings were viewed and analyzed off-line using pClamp 10.2 (Molecular Devices). Figures of electrophysiological traces were composed with Axum 5.0 (Mathsoft). Statistical analyses were performed using GraphPad Prism, version 5.04. Data are expressed as mean Ϯ SEM. In most cases, we used a repeated-measures one-way ANOVA to analyze the effects of a drug (e.g., ZD7288 or Cs ϩ ) on neuronal properties characterized by multiple elements (e.g., current-voltage relationships in which current was measured every 10 mV). Such properties were compared in repeated measurements on individual neurons in control conditions, in the presence of a drug, and then either after drug washout, or in the presence of a second drug, such as an antagonist. A Bonferroni test was used for post hoc analysis. The concentration-response curve was fit with a nonlinear regression sigmoidal dose-response equation provided in the software. When comparing the effect of a drug on a single variable in the same neuron, a paired t test was used. Mean differences were considered to be significant at p Ͻ 0.05, and the levels of significance are indicated in all figures as follows: *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001.
Results
Identification of pyramidal neurons in the BLA Pyramidal neurons are the most abundant cell type within the BLA (McDonald, 1982) . They were identified based on their characteristic pyramid-shaped soma, by their electrophysiological characteristics, and by exclusion of surrounding interneurons based on their smaller size, and rounder appearance, and differing electrical properties (Rainnie et al., 1993) . The average resting membrane potential of a representative sample (n ϭ 231) of BLA pyramidal neurons was Ϫ75.9 Ϯ 0.57 mV. More than 300 BLA pyramidal neurons were examined for the effects of NPY alone. Approximately 50% of these neurons were sensitive to NPY, although we could determine no other characteristics, such as resting membrane potential or input resistance that helped distinguish NPY-sensitive versus NPY-insensitive neurons. A neuron was deemed to have responded to NPY when we observed a consistent hyperpolarization of Ն2 mV after NPY application, and which reversed on washout. All mechanistic experiments were performed in cells first demonstrating clear responses to NPY application.
NPY inhibits BLA pyramidal neurons via Y 1 receptors
Application of NPY (1 M) to neurons in current clamp caused a reversible membrane hyperpolarization from rest of 7.1 Ϯ 1.3 mV (n ϭ 93; p Ͻ 0.0001) (Fig. 1A1) . Although in some cases there appeared to be an effect on spontaneous synaptic events in the BLA neurons (Fig. 1A1) , the actions of NPY on the resting membrane potential of pyramidal cells did not depend on the activity of other neurons, because 1 M NPY hyperpolarized them by Ϫ7.05 Ϯ 0.31 mV with 500 nM TTX present (n ϭ 128; p Ͼ 0.9 vs NPY alone) (Fig. 1 A2) . When applied at concentrations between 30 nM to 3 M, NPY hyperpolarized pyramidal neuron membrane potentials in a concentration-dependent manner, with an EC 50 of 404 nM.
Because 1 M was close to the maximal effective concentration of NPY (Fig. 1 B) , we used this concentration in the following mechanistic experiments. The Y 1 receptor-selective agonist, F 7 P 34 NPY (1 M) (Soll et al., 2001; El Bahh et al., 2005) , elicited a hyperpolarization similar in magnitude (5.5 Ϯ 0.8 mV; n ϭ 5) ( Fig. 1 B, C) to that seen in the same neurons with NPY itself (6.3 Ϯ 1.3 mV; n ϭ 5; p Ͼ 0.5). Furthermore, pretreatment with the Y 1 -selective antagonist BIBO3304 (1 M) (Wieland et al., 1998) significantly reduced the magnitude of hyperpolarization by NPY from 8.7 Ϯ 0.69 mV (n ϭ 5) to 0.95 Ϯ 1.3 mV (n ϭ 5; p Ͻ 0.01). The Y 2 receptor agonist [ahx [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] ]NPY (1 M) (Rist et al., 1995; El Bahh et al., 2002 ) produced a slight but not significant hyperpolarization (3.2 Ϯ 1.2 mV; n ϭ 5) that was much less than that caused by NPY in the same cells (6.9 Ϯ 1.5 mV; n ϭ 5; p Ͻ 0.01). In addition, the actions of NPY on membrane potential before (5.8 Ϯ 1.2 mV; n ϭ 5) or after pretreatment with the Y 2 -selective antagonist BIIE0246 (100 nM) (El Bahh et al., 2002) did not differ significantly (4.9 Ϯ 0.60 mV; n ϭ 5; p Ͼ 0.1). Finally, the actions of NPY on membrane potential before (8.8 Ϯ 1.1 mV; n ϭ 4) or after application of the Y 5 receptor antagonist Novartis 2 (1 M) (Pronchuk et al., 2002) were not significantly different (8.1 Ϯ 0.8 mV; n ϭ 4; p Ͼ 0.1). A comparison of the magnitude of hyperpolarization induced under each condition as a percentage of the NPY response in the same cells is shown in Figure 1C .
NPY reduces excitability in BLA pyramidal cells
To determine whether the hyperpolarization resulting from Y 1 receptor activation in BLA pyramidal cells also made the neurons less readily excitable, we determined the rheobase in these neurons under control conditions and at the peak NPY effect. In the absence of NPY, the rheobase determined in this manner (Chee et al., 2010) was 402 Ϯ 22 pA (n ϭ 10) (Fig. 1 D) . In the presence of NPY, these 10 neurons hyperpolarized from Ϫ64.7 Ϯ 1.1 to Ϫ72.5 Ϯ 1.8 mV ( p Ͻ 0.01). Rheobase, when measured from the hyperpolarized membrane potential caused by NPY application, was increased to 475 Ϯ 37 pA ( p Ͻ 0.02; n ϭ 10) (Fig. 1 D) . Interestingly, when steadystate current was used to depolarize the cell to the original membrane potential with NPY present, the rheobase as determined with current ramps was only 324 Ϯ 45 pA, significantly smaller than in control ( p Ͻ 0.05; n ϭ 10) (Fig. 1 E) . All effects of NPY reversed on washout. Thus, when NPY hyperpolarized these neurons, more current was needed to achieve threshold from their new resting potential, but when the cells were returned with depolarizing current to their original resting potential with NPY present, they appeared more excitable.
The effect of NPY on steady-state membrane current
To determine the mechanism of the actions of NPY, we studied its effects on the steady-state current-voltage relationship of BLA pyramidal neurons using a voltage ramp protocol (Fig. 2 A) (Kombian and Colmers, 1992; Pentney et al., 2002) . NPY (1 M) application caused a prominent reduction in inward current at potentials at or negative to rest (Fig. 2 A) . Near the resting membrane potential (Ϫ75 mV), this resulted in a net outward shift in membrane current (156 Ϯ 13 pA; n ϭ 77).
As above, we used the Na ϩ channel blocker, TTX (500 nM), to determine whether activity in other neurons was necessary for the actions of NPY on membrane current. Addition of TTX to control ACSF did not significantly change the membrane currentvoltage relationship (n ϭ 12) (Fig. 2 B) , consistent with NPY acting predominantly at a postsynaptic site. Furthermore, neither the NPY-mediated membrane hyperpolarization nor underlying change in membrane current were affected by the presence of the GABA A receptor antagonist, bicuculline (10 M), suggesting that the actions of NPY did not require intact GABA A transmission (n ϭ 9) (Fig. 2C,D) .
The actions of NPY do not involve G IRK activation
In other neurons, hyperpolarizations caused by NPY receptor activation have been shown to result from the activation of a G IRK (Sun and Miller, 1999; Sun et al., 2001; Paredes et al., 2003; Fu et al., 2004) , including in pyramidal neurons of the lateral amygdala ). Therefore, we tested the hypothesis that NPY modulates a G IRK in BLA neurons. Initially, we used Ba 2ϩ to determine whether G IRK activation mediated the actions of NPY, as Ba 2ϩ is commonly used to block potassium currents, including G IRK currents Bean, 1996, 1998; FernandezFernandez et al., 1999; Takigawa and Alzheimer, 1999; Slesinger, 2001) . By calculating the net difference in the net NPY response at Ϫ120 mV in the absence or presence of Ba 2ϩ at different concentrations (10, 30, and 100 M), we determined that Ba 2ϩ (10 M) does not occlude the NPY-sensitive current (130 Ϯ 12%; n ϭ 4) (Fig. 3A) . Even in 100 M Ba 2ϩ , a concentration usually quite effective at blocking G IRK responses (Fernandez-Fernandez et al., 1999) , the NPY-sensitive current was reduced only to 75 Ϯ 22% (n ϭ 4; p Ͼ 0.05; not significant) of the control current.
Because Ba 2ϩ is not uniquely selective for blocking G IRKS , we next used SCH23990, a dopamine D 1 receptor antagonist that also selectively blocks G IRK channels (Kuzhikandathil and Ox whether G IRK channels mediated the NPY response. Application of SCH23390 (15 M; 5 min) did not significantly affect resting membrane potential (Fig. 3B) . The hyperpolarization caused by NPY was unaffected by pretreatment or cotreatment with SCH23990 (6.4 Ϯ 1.8 vs 6.9 Ϯ 2.2 mV; n ϭ 5; p Ͼ 0.6) (Fig. 3B ). The net current blocked by NPY between Ϫ135 and Ϫ75 mV was also unaffected by the inclusion of SCH23390 in the perfusate (Fig. 3C) . Based on the above, we concluded that it is unlikely that modulation of a G IRK plays a significant role in mediating the effects of NPY.
NPY reduces the amplitude of I h
Because blockade of G IRK channels did not greatly affect the actions of NPY, we next examined whether modulation of another inwardly rectifying current, I h , mediated the effect of NPY on BLA neurons. I h is a hyperpolarization-activated, nonselective cation current that conducts both Na ϩ and K ϩ (for review, see Pape, 1996) . Previous studies in the BLA have identified the presence of a Cs ϩ -sensitive I h specifically in pyramidal neurons (Womble and Moises, 1993; Park et al., 2007) . We therefore applied Cs ϩ extracellularly to block I h (DiFrancesco, 1982; Pape, 1996) to determine whether it affected the postsynaptic response to NPY. In the absence of Cs ϩ , NPY (1 M) hyperpolarized BLA neurons by 5.9 Ϯ 1.4 mV (n ϭ 5; p Ͻ 0.05) (Fig. 4 A) . After NPY washout, bath application of 1 mM Cs ϩ for 10 min produced a slight, nonsignificant membrane hyperpolarization (1.6 Ϯ 1.2 mV; n ϭ 5). In voltage clamp, the overall membrane conductance was reduced by Cs ϩ (1 mM), most notably in the voltage region negative to E k (Fig. 4 B) . One millimolar Cs ϩ blocked ϳ60% of the control membrane conductance (n ϭ 5) at Ϫ135 mV. More significantly, in the presence of Cs ϩ , NPY no longer had any hyperpolarizing effect on the resting membrane potential (Ϫ1.7 Ϯ 1.2 mV; n ϭ 5; p Ͼ 0.02 vs NPY alone) (Fig. 4 A) , instead causing a small depolarization. Cs ϩ also occluded the NPYsensitive current at all potentials (Fig. 4C) .
In experiments using a hyperpolarizing voltage step protocol from a (corrected) holding potential of Ϫ55 mV, we observed BLA pyramidal neurons to exhibit a robust I h (Fig. 5A) . The threshold for activation of I h was approximately Ϫ65 mV and the current had an average apparent reversal potential near Ϫ57 mV. NPY (1 M) significantly reduced the amplitude of I h between Ϫ75 and Ϫ125 mV (Fig. 5 B, C) . The average amount of I h reduced by NPY remained relatively steady between Ϫ95 and Ϫ125 mV, ranging from Ϫ130 Ϯ 7 pA at Ϫ105 mV to Ϫ132 Ϯ 8 pA at Ϫ115 mV (n ϭ 77). NPY produced a small negative shift to the voltage dependence of activation of I h from Ϫ101 to Ϫ105 mV (Fig. 5D ). Consistent with an involvement of I h in the actions of NPY, Cs ϩ (1 mM) alone also significantly affected the amplitude of I h at potentials equal or negative to Ϫ95 mV, with the largest change to I h amplitude at Ϫ125 mV (n ϭ 5) (Fig. 5E) . Interestingly, virtually all BLA pyramidal cells examined in voltage clamp demonstrated a clear I h , whether or not they were sensitive to NPY or CRH.
Effect of ZD7288 on the NPY-sensitive current
Given the above evidence that the response of NPY was related to a suppression of I h , we tested the effect of the selective I h blocker ZD7288 (Gasparini and DiFrancesco, 1997; Pentney et al., 2002) . Perfusion of ZD7288 (10 M) onto NPY-sensitive neurons for 20 min significantly hyperpolarized the neurons (7.5 Ϯ 2.2 mV; n ϭ 5; p Ͻ 0.05) (Fig. 6 A) and blocked ϳ60% of the total steady-state membrane current at Ϫ135 mV (Fig. 6 B) , thus closely resembling the effects of Cs ϩ . As expected, the effect of ZD7288 on the I h amplitude in the voltage step protocol was also similar to that observed with Cs ϩ (Fig. 6C) , both in the magnitude of change and the voltage region affected, with the greatest difference observed at Ϫ125 mV (Ϫ657 Ϯ 96 to Ϫ34 Ϯ 20 pA; n ϭ 5; p Ͻ 0.05). In control, NPY hyperpolarized BLA pyramidal neurons by 7.3 Ϯ 2.4 mV (n ϭ 5), whereas subsequent to a 20 min perfusion of ZD7288, NPY application actually modestly depolarized the membrane (by 2.1 Ϯ 0.3 mV; p Ͻ 0.005; n ϭ 5) (Fig.  6 A) . At rest, ZD7288 occluded the NPY-sensitive current from Ϫ75 Ϯ 18 to 31 Ϯ 31 pA (n ϭ 5; p Ͻ 0.05) (Fig. 6 D) . Thus, blocking I h with ZD7288 almost completely occluded the inhibitory effect of NPY across all potentials measured. These data provided stronger evidence that the postsynaptic actions of NPY are mediated by a suppression of I h .
CRF increases the amplitude of I h
Based on behavioral evidence that CRF receptor activation is anxiogenic (Rainnie et al., 2004; Sajdyk et al., 2004) , we hypothesized that CRF will influence I h , in the direction opposite to that of NPY. We first determined the effects of CRF (30 nM) on BLA neurons by applying and washing out CRF, and then applying NPY (1 M). In all five neurons, CRF produced a reversible depolarization (9.2 Ϯ 0.98 mV; n ϭ 5) (Fig. 7A1) . After CRF washed out, NPY hyperpolarized the membrane of these neurons by a similar amount (8.7 Ϯ 0.82 mV; n ϭ 5; not illustrated). In separate experiments, we determined that the actions of CRF on these neurons were similar in the absence or presence of TTX (10.6 Ϯ 2.8 mV, n ϭ 9, vs 7.8 Ϯ 1.5 mV, n ϭ 10; p Ͼ 0.39) (Fig. 7A2) .
Using the voltage ramp protocol, we determined that CRF increased an inward current while decreasing the outward current at potentials at or depolarized to rest (n ϭ 5) (Fig. 7B) . At Ϫ75 mV, CRF increased the inward current from Ϫ28 Ϯ 20 to Ϫ270 Ϯ 46 pA (n ϭ 5; p Ͻ 0.05). By calculating the net current after either CRF or NPY treatment, we found that, whereas NPY reduced an inward current as discussed above, CRF appeared to enhance a current over the same potential range (Fig. 7B) . Using the voltage step protocol, we determined that CRF increased I h across the entire voltage region examined, and significantly enhanced it over control values at potentials between Ϫ75 and Ϫ105 mV (Fig. 7C) . Near rest (Ϫ75 mV), CRF increased I h from Ϫ55 Ϯ 14 to Ϫ111 Ϯ 20 pA (n ϭ 9; p Ͻ 0.01). To confirm that CRF was indeed acting on I h , we examined the effect of CRF in the A, I h isolated (between Ϫ65 and Ϫ125 mV) with hyperpolarizing voltage steps in control (top) and with 1 M NPY (middle). Cells were held at Ϫ55 mV and hyperpolarizing steps applied (bottom traces). B, Current responses to voltage step from Ϫ55 to Ϫ125 mV illustrating reduction in I h amplitude with NPY (1 M). C, Comparison of mean I h amplitude at potentials between Ϫ125 and Ϫ75 mV in control and with NPY application (n ϭ 77). I h amplitude for each cell and condition was determined as illustrated in B. D, NPY induced a small leftward shift in the activation curve for I h (n ϭ 77). Data were normalized to the maximum I h available for each condition, transformed to absolute values, and fitted to a nonlinear regression. Voltage shift for I h was determined at 50% I/I max . E, Cs ϩ strongly suppresses I h in BLA pyramidal cells, determined using the same hyperpolarizing voltage step protocol as described in A (n ϭ 5).
absence and presence of ZD7288 (10 M). In four pyramidal neurons, the CRF-mediated depolarization (9.4 Ϯ 1.7 mV) was blocked when retested in the presence of 10 M ZD7288 (0.36 Ϯ 0.16 mV; n ϭ 4; p Ͻ 0.05 vs CRF alone; not illustrated). Consistent with this, the net current induced by CRF was significantly blocked by ZD7288 between Ϫ75 and Ϫ115 mV (Fig. 7D) . At Ϫ75 mV, the current produced by CRF was reduced from 225 Ϯ 27 pA to only 38 Ϯ 16 pA with ZD7288 present (n ϭ 4; p Ͻ 0.01). In the presence of ZD7288, the CRF-mediated response was not significant ( p Ͼ 0.25). Interestingly, when NPY was coapplied with CRF to CRF-responsive neurons, the I h response to CRF was also abolished (Fig. 7E) .
HCN channel subtypes carrying I h in NPY-sensitive BLA cells
Four different isoforms of the HCN-gated channels mediate I h (Santoro et al., 1997 (Santoro et al., , 1998 Ludwig et al., 1998; Santoro and Tibbs, 1999) . The four subunits, HCN1-HCN4, are differentially distributed throughout the CNS and vary in their responses both to voltage and cAMP (Ludwig et al., 1998 (Ludwig et al., , 1999 Santoro et al., 1998 Santoro et al., , 2000 Seifert et al., 1999; Chen et al., 2001) . We tested the sensitivity of NPY-responsive neurons to elevations of cyclic nucleotides by adding the membrane-permeant analog, db-cAMP, to the bath perfusate at 30 M, for at least 5 min before NPY reapplication (n ϭ 5). Application of db-cAMP alone at 30 M produced no significant effect on resting membrane potential (Fig. 8A) , nor did the presence of db-cAMP alter the membrane hyperpolarization produced by NPY (1 M) in the same neurons (7.5 Ϯ 0.94 vs 7.7 Ϯ 2.1 mV; n ϭ 5; p Ͼ 0.9). In the presence of db-cAMP, the effect of NPY on net current blocked was not different from that seen before db-cAMP treatment (Fig. 8 B) . The only measurable effect was a modest increase in the amount of NPY-sensitive current measured at Ϫ135 mV in the presence of 30 M db-cAMP. These results are consistent with the primary HCN subunit gating I h in BLA pyramidal neurons being the virtually cAMPinsensitive HCN1 subunit (Santoro et al., 1998 (Santoro et al., , 2000 Chen et al., 2001) .
The expression and distribution of the different HCN channel subunits and their association with projection neurons within the BLA was examined using RT-PCR and dual-label immunohistochemistry. CaMKII immunoreactivity (ir) was used as a selective marker to identify pyramidal cells within the BLA (McDonald et al., 2002; Rostkowski et al., 2009) . Gene expression (Fig. 8C ) and immunoreactivity for all HCN subunits (HCN1-4) was detected within the BLA and each subunit displayed a characteristic staining pattern, although all exhibited punctate staining patterns. RT-PCR demonstrated bands for each of the HCN subunits at the predicted size; no signal was present in the controls. HCN1 ir was strong in the BLA, but not lateral amygdala, and staining was evident in short fibers (Fig. 8 D) . Higher magnification demonstrated that HCN1-immunoreactive punctae were identified around the perimeter of a relatively large proportion of CaMKII-immunoreactive cells (Fig. 8 E) . By contrast, HCN2 (Fig. 8 F) and HCN 3 ir (Fig. 8G) were much less abundant in the basolateral/lateral complex, whereas numerous HCN4-immunoreactive fibers were present throughout both the basolateral complex (Fig. 8 H) . Except for HCN1, no HCN subunit demonstrated appreciable association with the CaMKIIimmunoreactive (pyramidal) cell population, consistent with it being the predominant component of I h in BLA pyramidal neurons.
Discussion
NPY is potently anxiolytic when injected into the BLA. Although the acute anxiolytic actions of NPY in the BLA have been recognized for some time, to our knowledge this is the first study of its mechanism of action there. Activation of Y 1 receptors in a large number of BLA pyramidal cells suppresses an I h current that is active at rest, thereby hyperpolarizing and inhibiting them. Conversely, these same neurons are depolarized and excited by activation of CRF receptors that increase membrane I h . These acute cellular actions of NPY or CRF would be expected to reduce or increase the output of BLA projection neurons, respectively. As BLA output is correlated with anxiogenic behaviors, increases being anxiogenic and decreases anxiolytic, respectively (Rainnie et al., 2004; Sajdyk et al., 2008) , our results are consistent with the hypothesis that the acute behavioral actions of NPY and CRF result from their convergent actions at I h in BLA pyramidal neurons. Just as the anxiolytic behavioral actions of NPY in the BLA are primarily mediated via activation of Y 1 receptors (Wahlestedt et al., 1993; Karlsson et al., 2008) (Tschenett et al., 2003; Tasan et al., 2009 Tasan et al., , 2010 ), this appears to result from loss of presynaptic Y 2 receptors on fibers originating in the central amygdala. Given the apparently reciprocal actions of Y 1 and Y 2 receptors on anxiety-like behaviors, we were somewhat surprised that the Y 2 -preferring agonist [ahx [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] ]NPY had no significant actions on BLA pyramidal cells. This suggests that, at least in our preparation, synaptic activity from inputs regulated by Y 2 receptors is at low levels. We also note that the receptor antagonists alone did not affect membrane potential (data not shown) consistent with low ambient NPY levels in the BLA.
The EC 50 for the actions of NPY was ϳ400 nM in BLA pyramidal neurons, which is higher than previously reported for hypothalamus (EC 50 ϭ 28 nM) (Pronchuk et al., 2002) , but not inconsistent with values from the hippocampus (136 nM) (El Bahh et al., 2002 ). An EC 50 near 400 nM is somewhat surprising, as NPY is locally produced within GABAergic neurons in the BLA (McDonald, 1985) . Although it is possible that NPY itself, which will also activate the anxiogenic Y 2 receptor, could diminish its own Y 1 -mediated actions (Kask et al., 1996; Nakajima et al., 1998; Sajdyk et al., 1999 Sajdyk et al., , 2002a , the effect of NPY on BLA neurons is unaltered in the presence of the Y 2 antagonist, BIIE0246, making this unlikely. Another possibility could be that there is a low abundance of Y 1 receptors coupled to I h , thus requiring a greater level of receptor activation to produce the suppression of I h .
Mechanisms underlying the NPY-mediated response
Our results do not support roles for either GABA A receptors or G IRK channels in mediating NPY-induced hyperpolarization of BLA pyramidal neurons. Thus, NPY is equally effective in the absence or the presence of the GABA A antagonist, bicuculline, unlike the actions of another anxiety-related peptide, Neuropeptide S (Jün-gling et al., 2008) . Furthermore, although Y 1 receptors activate G IRK channels in lateral amygdala projection neurons , here, blockers of G IRK channels did not significantly affect the actions of NPY in BLA.
Our data are entirely consistent with NPY suppressing an I h that is active at the resting membrane potential in BLA pyramidal cells. First, NPY selectively reduced the gradually increasing current responses in voltage step protocols designed to isolate I h (Fig.   5A ). Second, the actions of NPY were occluded by either Cs ϩ or ZD7288, both known blockers of I h (DiFrancesco, 1982 (DiFrancesco, , 1995 Pentney et al., 2002) . Third, the I h -specific blocker, ZD7288, not only mimics the hyperpolarizing actions of NPY but also occludes them. Finally, the inhibition of neuronal firing caused by NPY is mediated by the hyperpolarization it elicits. Thus, neurons depolarized to their original resting potential in the presence of NPY are more sensitive to the depolarizing effects of current, consistent with reduction of a resting depolarizing conductance by NPY.
I h is a mixed cation conductance activated by hyperpolarization, but which depolarizes cells (Pape, 1996; Accili et al., 2002) . A number of roles have been postulated for I h in neurons, including protection from excessive hyperpolarization (Womble and Moises, 1993; Pape, 1996) , depolarizing bursting neurons after the strong hyperpolarization at the termination of a burst (Accili et al., 2002) , and mediating dendritic integration (Magee, 1999; Berger et al., 2001) . A recent report has implicated the physiological loss of postsynaptic I h to result in an increased excitability subsequent to the induction of long-term depression in CA1 pyramidal neurons (Brager and Johnston, 2007) . However, with NPY, we have observed the opposite effect, in which a receptor-mediated loss of postsynaptic I h results in a hyperpolarization accompanied by an inhibition. As this response occurs in the presence of TTX, it appears to be independent of changes in synaptic properties. With the single exception above (Brager and Johnston, 2007) , reports of receptor-mediated effects on I h have linked increased I h activity with increases in excitability. Agonists at dopamine (Rosenkranz and Johnston, 2006; Chen and Yang, 2007) , NMDA (Fan et al., 2005) , -opioid (Pan, 2003) , and CRF (Qiu et al., 2005; Wanat et al., 2008) receptors all cause increased I h activity. Within the BLA, we observed that CRF augments a resting I h , to depolarize and excite pyramidal neurons. I h inhibition, by contrast, is reported to result from different mechanisms entirely. The norepinephrine (via dopamine D 2 receptors)-mediated inhibition of ventral tegmental area dopaminergic cells is indirect, in which inhibition of I h results from an increase in an outward K ϩ conductance (Arencibia- Albite et al., 2007) . Propofol or loperamide reportedly both inhibit I h by directly binding to the extracellular region of the HCN channel in cortical or dorsal root ganglion cells, respectively Vasilyev et al., 2007) . Thus, to our knowledge, the only other reported instance of G-protein-coupled receptor-mediated inhibition of I h as with NPY here is mediated by activation of ␣ 2 -adrenoreceptors in dorsal root ganglion neurons (Yagi and Sumino, 1998) .
The I h current can be carried by homotetramers or heterotetramers of the four known HCN subunits, HCN1-HCN4. Although they are distinguished by voltage sensitivity and kinetics, the HCN1 subunit is quite insensitive to cAMP (Santoro et al., 1999; Chen et al., 2001 ). In the BLA, elevation of intracellular cAMP with a membrane-permeant analog affected neither resting membrane potential nor the hyperpolarizing response to NPY, suggesting that the cAMP-insensitive channel, HCN1, is the predominant form mediating these responses (Biel et al., 2009) . This is further supported by the close association of HCN1 channel subunit immunoreactivity with pyramidal cell bodies. Although our histological analysis does not allow us to state conclusively that these channels are inserted within the cell membrane, when considered together with the cellular pharmacological studies and molecular studies demonstrating the presence of HCN1 mRNA within the BLA, we believe it constitutes strong evidence that the HCN1 channel is important in regulating the activity of BLA pyramidal neurons.
Behavioral relevance of I h modulation NPY and CRF act in a reciprocal manner to balance emotional responses (Heilig et al., 1994; Britton et al., 2000) . A mechanism by which NPY inhibits depolarization of BLA pyramidal cells in vitro is consistent with its acute anxiolytic actions in vivo. Acute injections of NPY into the BLA block the generation of behavioral stress responses induced by either CRF injections in the BLA or restraint stress (Sajdyk et al., 2006) . Moreover, repeated injections of either NPY or CRF into the BLA have profound effects on behavior that greatly outlast their acute actions and result in the induction of a long-term behavioral "stress resilience" (Sajdyk et al., 2008) , or "stress vulnerability," respectively (Rainnie et al., 2004 ). In agreement with behavioral studies, we determined that the opposing actions of these two neuropeptides converge on the same target, I h , within the BLA. NPY acts by suppressing a tonically active I h to decrease excitability, whereas CRF enhances the same current, resulting in membrane depolarization and increased neuronal excitability. Although the enhancement of I h has been described previously (Qiu et al., 2005; Wanat et al., 2008) , this is to our knowledge the first example of reciprocal regulation of I h to result in opposing behavioral outputs.
Conclusion
NPY acutely inhibits a significant subset of BLA pyramidal neurons, hyperpolarizing the postsynaptic membrane via the Y 1 receptor. The NPY-mediated inhibition resulted from the suppression of an I h that is tonically active at rest. Inhibition of I h is a novel modulatory mechanism for NPY receptors. In contrast, CRF acutely depolarizes the membrane of pyramidal neurons by enhancing I h at rest. Understanding the mechanism of the anxiolytic effects of NPY within the BLA, and how this relates to the opposing actions of CRF, will provide valuable information for developing pharmaceuticals that can reduce the anxious behaviors characterizing anxiety spectrum disorders.
